Abstract The community structure and metabolic function of activated sludge carrying out enhanced biological phosphorus removal have been investigated. Laboratory-scale sequencing batch reactors were operated at several influent COD/P ratios to obtain sludges with a range of phosphorus contents. Molecular microbiological techniques based on small subunit ribosomal RNA were used to characterize the community structure of these sludges. The dominant polyphosphate accumulating organism was a close relative of Rhodocyclus tenuis, a member of the β subclass of the Proteobacteria. Fragments of genes coding for polyphosphate kinase (PPK), thought to be responsible for polyphosphate accumulation, were retrieved from one of the sludges. The relative abundance of PPK gene copies in genomic DNA extracted from sludges was determined to confirm that at least one of the PPK gene sequences was derived from the dominant polyphosphate accumulating organism.
Introduction
Enhanced biological phosphorus removal (EBPR) activated sludge is widely used to remove inorganic phosphate (P i ) from wastewater. The process is characterized by anaerobic contacting of activated sludge with carbon-rich influent wastewater and its subsequent cycling through an aerobic phase before return to the anaerobic zone. It is known to select for organisms that can anaerobically take up and polymerize volatile fatty acids while excreting P i . These organisms accumulate large amounts of polyphosphate (polyP) in the aerobic phase, taking up P i in excess of that released anaerobically. PolyP is then broken down in the anaerobic phase, serving either as an energy source (Mino et al., 1998) or a buffer (Bond et al., 1999) . Little is known of the genetics or biochemistry of the organisms responsible for polyP accumulation because a true "EBPR organism" capable of all the characteristic carbon and phosphorus (P) transformations has not yet been isolated in pure culture. Recent studies using ribosomal RNA (rRNA)-based techniques have identified the dominant polyphosphate accumulating organism (PAO) in acetate-fed laboratoryscale sequencing batch reactors (SBRs) as a member of the phylogenetically defined Rhodocyclus group in the β proteobacteria (Bond et al., 1995; Hesselmann et al., 1999; Crocetti et al., 2000) . Preliminary findings suggest that these organisms are responsible for a significant amount of polyP accumulation in full-scale plants (Crocetti et al., 2000) . While acknowledging that many organisms can accumulate polyP, we will refer to this class of Rhodocyclus-like polyP-accumulating organisms as "PAOs" to differentiate them from other organisms, such as Acinetobacter spp.
Several workers have attempted to characterize the enzymes involved in the anaerobic metabolism of EBPR organisms (Mino et al., 1998; Hesselmann et al., 2000) . Polyphosphate:AMP phosphotransferase and adenylate kinase activities have been well documented in several species of Acinetobacter, and in activated sludge (van Groenestijn et al., 1989; Bonting et al., 1991; Hesselmann et al., 2000) . Their combined activities are thought to be responsible for deriving energy from polyP degradation in the anaerobic phase of EBPR. However, very little research has been conducted on enzymes involved in polyP synthesis during the aerobic phase. PolyP synthesis in model bacteria (Escherichia coli, Pseudomonas aeruginosa, Neisseria meningitidis, Acinetobacter spp. etc.) has been studied extensively (Kornberg et al., 1999) . In the majority of these organisms, polyphosphate kinase (PPK) is thought to be the enzyme primarily responsible for polyP synthesis. PPK catalyzes the transfer of the terminal phosphate of ATP to a growing chain of polyP -a reaction that is freely reversible in vitro (Kornberg, 1957) . Apparent PPK homologs are found in many pathogens (Tzeng and Kornberg, 1998) and in most microbial genomes (McMahon, In preparation) . The ubiquity of PPK is underscored by its role in many fundamental physiological processes in bacteria (Blum et al., 1997; Kornberg et al., 1999; Kuroda and Ohtake, 2000; Rashid et al., 2000a; Rashid et al., 2000b) . This high degree of PPK sequence conservation should enable the retrieval of PPK genes from uncultivated organisms using molecular techniques.
The taxonomic identity of a dominant PAO has been confirmed using rDNA and rRNAbased methods, but virtually nothing is known of their genetics or biochemistry beyond what has been gathered from bulk measurements of storage products and using enzyme assays on mixed communities. To more fully understand the sensitivity of EBPR systems to operating conditions and process configuration, we must identify the genetic elements involved in the characteristic PAO carbon and P transformations. Based on studies of pure cultures of model organisms, we hypothesize that the PPK enzyme is primarily responsible for polyP synthesis during EBPR. Thus, the objective of this study was to retrieve PPK gene fragments from the principal PAO in a laboratory-scale SBR.
Methods
Two 1-L SBRs were operated on a 6 h cycle, with 30 min draw and fill, 120 min anaerobic, 180 min aerobic, and 30 min settling. An automated pumping system was used to maintain a 12-h hydraulic residence time and a 4-d mean cell residence time through removal of clarified effluent once per cycle and biomass once per day. The composition of the nutrient feed was based on that of Wentzel (1988) and is described in more detail elsewhere . Phosphate was added as NaH 2 PO 4 ·2H 2 O in varying amounts to achieve the desired COD:P ratios corresponding to sludges A-D (Table 1) . SBR carbon feed contained (mg/L total feed): CH 3 COONa·3H 2 O (425); casamino acids (30); COD (230). Nutrient feed was added after the draw phase and carbon feed was added after 40 min of N 2(g) stripping. Total suspended solids (TSS), volatile suspended solids (VSS), soluble P (Psol), and total P were measured using Standard Methods 2540B 2540E, 4500-P C, and 4500-P B.5, respectively . Acetate was measured by flame ionization detector gas chromatography (GC), and polyhydroxyalkanoates (PHAs) by a modified GC method . Rhodocyclus tenuis (ATCC 25093) was grown anaerobically in the light with acetate and bicarbonate as carbon sources, as recommended by Trueper and Imhoff (1992) .
Genomic DNA for use in PCR was extracted from sludge and pure cultures using a phenol:chloroform bead-beating method, precipitated with sodium acetate and isopropanol, and size-selected by passage through a size selection column (Dojka et al., 1998) . Degenerate oligonucleotides targeting PPK genes (ppk) were designed using the webbased CODEHOP software (Rose et al., 1998) and amino acid alignments of 12 PPK genes identified using tools on the National Center for Biotechnology (NCBI) website, including BLAST (Altschul et al., 1990) and Entrez Genomes. These primers, named NLDE (5′-CGTATGAATTTTCTTGGTATTTATTGTACTAATCTNGAYGARTTYT-3′) and TGNY (5′-GTCGAGCAGTTTTTGCATGAWARTTNCCNGT-3′), should amplify an internal ppk fragment approximately 1200 bp in length. Amplification was carried out on 10 to 100 ng of bulk DNA in reactions containing (as final concentrations) 1X PCR buffer II (Perkin Elmer, CA, USA), 2.5 mM MgCl 2 , 4 × 200 µM dNTPs, 400 nM of each primer and 0.025 U/µl AmpliTaq Gold (Perkin Elmer, CA, USA) with a touch-down PCR program consisting of an initial 12 min. denaturing step at 94°C, followed by 10 cycles of 94°C for 1 min. 53°C for 45 sec (decreasing 0.5°C per cycle), and 72°C for 2 min. An additional 25 cycles were carried out with the same denaturing and extension conditions, but with 45°C annealing for 45 sec, followed by a final 12 min extension at 72°C. An internal ppk fragment was amplified from DNA extracted from R. tenuis using the Advantage-GC cDNA PCR kit (Clontech, CA, USA) with 1 M GC-melt and touch-down PCR as described above, except with 45 sec denaturing and 53°C annealing, touching down to 45°C annealing. PCR products were cloned using the TOPO TA Cloning Kit for Sequencing (Invitrogen, CA, USA) and plasmids were prepared with a 96-well alkaline lysis procedure. Inserts were screened using restriction fragment length polymorphism (RFLP) analysis with either MspI or HaeIII (Boehringer Mannheim, Germany) to identify unique sequence types (Dojka et al., 1998) . Representatives of unique types were chosen for sequencing, which was carried out using an ABI 373 Stretch DNA sequencer.
Sequences were compared against available databases with the BLAST network service on the NCBI website (Altschul et al., 1990) . ppk fragments were translated and the amino acid sequences were aligned against 20 PPK sequences using the Seqlab program in the GCG software package version 10.0 (Genetics Computer Group, WI, USA). The alignment was masked manually to exclude positions with gaps in more than 60% of sequences, and 384 aligned positions were exported for analysis with the PHYLIP software package version 3.6a (J. Felsenstein, Department of Genetics, University of Washington, Seattle). The protein maximum likelihood program was used to reconstruct the evolutionary relationships between PPK sequences.
Ribosomal-RNA targeted FISH was carried out with probes S-D-Bact-0338-a-A-18 (Bact338), S-G-RHC-0439-a-A-18 (RHC439), and S-G-RHX-0991-a-A-18 (RHX991) essentially as described previously (Wagner et al., 1994; Snaidr et al., 1997; Hesselmann et al., 1999) . Oligonucleotide probes were synthesized, 5' end-labeled with Cy3 and HPLC purified by Operon technologies (Emeryville, CA, USA). Hybridized samples were mounted in Prolong antifade reagent (Molecular Probes, OR, USA) and visualized on a Nikon Labophot-2 epifluorescent microscope with filter TEX RED-HYQ for Cy3 detection. Hybridized cells were enumerated following image capture with a cooled charge coupled device camera (Princeton Instruments, NJ, USA) and IPLab software (Scanalytics, NJ, USA). At least 15 fields were examined, and at least 1500 cells were counted in each hybridization experiment. Dot-blot hybridizations on genomic DNA were conducted essentially as described previously for rRNA (Raskin et al., 1994b) , with the following modifications. Oligonucleotide probes were designed to specifically target each of the 4 ppk sequence types ( Table 2) . Temperature of dissociation studies were carried out using the replicate slot method (Raskin et al., 1994a) . Total genomic DNA was extracted using a bead-beating protocol (Dojka et al., 1998) , including an RNase A digestion, followed by an additional phenol:chloroform extraction and isopropanol precipitation. Precipitates were resuspended in TE (10 mM Tris, 1 mM Na 2 EDTA, pH 7.4) and the DNA concentration was determined spectrophotometrically. Aliquots of approximately 10 µg total DNA were denatured, applied to nylon membranes (Schleicher and Schuell, Germany), and hybridized with 32 P-labeled probes. Bound probe was quantified with a phosphorimager and the mass of target gene was estimated using a standard curve generated with a dilution series of pure target plasmid DNA hybridized in the same experiment. The ratio of gene copies was calculated by dividing the moles of ppk detected in a sample by the moles of rDNA in the same sample.
Results and discussion SBR performance SBR performance data are presented in Table 1 . During the course of this study, the nonsoluble P-content (P ns /VSS) was gradually lowered by increasing the influent COD:P. The SBRs were allowed to achieve steady state at each operating condition and then were sampled to measure characteristic EBPR storage polymers during a typical cycle (Table 1) . P I , acetate, TSS and VSS reactor concentrations were measured. As reported previously (Liu et al., 1997) , the amount of P i released anaerobically per unit amount of acetate taken up decreased with decreasing P ns -content, while the amount of PHA synthesized increased.
EBPR community structure
Fluorescent in situ hybridization (FISH) was used to characterize the phylogenetic community structure in the SBR biomass. Results were similar to those from other acetate-fed SBRs (Bond et al., 1995; Hesselmann et al., 1999; Crocetti et al., 2000) . Previously developed oligonucleotide probes were used to detect the Rhodocyclus-like organism. These PAOs dominated the sludges carrying out high rates of the characteristic EBPR carbon and P transformations, and their relative abundance declined with decreasing P ns -content, as reported by Crocetti et al. (2000) ( Tables 1 and 3 ).
Retrieval of PPK fragments
Conserved regions of the PPK genes were identified using alignments of 14 deduced PPK amino acid sequences and degenerate PCR primers were developed to target these regions. Using these primers, a 1.2 kb fragment of a PPK homolog was amplified from a pure culture of Rhodocyclus tenuis. A library of ppk fragments was generated from Sludge A. 90 clones were screened and representative types were sequenced. Four distinct sequence types (Types I-IV) were observed. Phylogenetic analyses were used to infer main lines of descent of all available PPK amino acid sequences, the R. tenuis PPK, and the four sequence types obtained from the sludge. Types I and II grouped tightly with the R. tenuis PPK in reconstructed trees, on a branch with PPKs from other β-proteobacteria. Types III and IV were only distantly related to Types I and II, and to the R. tenuis PPK (Figure 1 ).
Quantitative determination of ppk gene copy abundance
To gather further evidence that the Type I ppk is found in the genome of the Rhodocycluslike PAO, the relative abundance of ppk copies in DNA extracted from sludges was determined quantitatively using dot blot hybridization. The ratio of Type I ppk to PAO rDNA present in the biomass was approximately one in each sludge (Table 3 ). This ratio indicates that the Type I ppk gene is present in the sludge at approximately the same frequency as the PAO rRNA gene and supports the hypothesis that the Type I ppk is found in the Rhodocyclus-like PAO genome. Type II-specific hybridization results suggest that the Type II ppk was also present at a significant frequency, especially in Sludge D. The ratios calculated with probes for Type III and IV ppks were significantly lower (ranging from 0.03 to 0.26), suggesting that these ppks are not found in the Rhodocyclus-like PAO genome. FISH results indicate that PAO abundance decreased with decreasing sludge P ns -content. No significant correlation was observed between ppk:rDNA ratios and PAO abundance. The higher ratios observed in Sludge D suggest that the extremely specific rDNA probe RHX991 was not detecting rDNA belonging to some other Rhodocyclus-like PAOs that might be better detected with probe RHC439. Further experiments are needed to confirm this hypothesis.
Implications for understanding the biochemistry of EBPR
Attempts to detect PPK activity in EBPR sludge were not successful (T'Seyen et al., 1985; van Niel et al., 1998; Kortstee et al., 2000; Trelstad et al., unpublished results) , though these negative results do not conclusively rule out PPK's role in EBPR. PPK is known to be associated with bacterial membranes and activity in crude cell lysate is significantly less than in particulate fractions (Tinsley et al., 1993) . It is possible that satisfactory methods for enzyme recovery and activity assay have not yet been developed for PAOs in sludge.
The possession of this partial gene sequence will facilitate experiments that could elucidate polyP synthesis mechanisms in the Rhodocyclus-like PAO, without having to isolate a pure culture or devise methods to detect PPK activity in sludges. The Type I ppk clones can be used to generate long probes for detecting transcription products at various stages of the EBPR cycle, to determine whether gene expression is regulated in response to reactor operating conditions. These ppk fragments can also be used to retrieve the entire PPK gene, which could then be used to overexpress the novel PPK in E. coli. Overexpression of this new PPK will enable enzyme characterization and the development of better activity assays.
Conclusions
1. In SBRs operated to enrich for organisms carrying out EBPR, sludges were dominated by Rhodocyclus-like organisms. 2. Novel PPK gene fragments were retrieved from sludge that accumulated a high level of polyP. Two of the sequence types retrieved were evolutionarily related to a PPK homolog from Rhodocyclus tenuis. 3. At least one of the novel PPK genes and the ribosomal DNA sequence corresponding to the Rhodocyclus-like polyphosphate accumulating organism identified by whole cell hybridization were present in approximately stoichiometric amounts. Figure 1 Phylogram indicating inferred relatedness of ppk genes based on amino acid sequences. This tree was generated using the PHYLIP package, version 3.6a (see Methods) and an alignment of 20 confirmed and putative PPK amino acid sequences (384 residues). The program PROML was used to carry out maximum likelihood analysis for tree construction. Full organism names and the accession numbers for DNA sequences used to deduce protein sequences are listed below. Confirmed PPK sequences: Neisseria meningitidis (U16262), Pseudonmononas aeruginosa (AB007598), Acinetobacter sp. ADP1 (Z46863), Acinetobacter baumannii (AF116175), Salmonella typhimurium (AF085682), Klebsiella aerogenes (D14445), Escherichia coli K12 (AE000336), Vibrio cholerae (AF083928), and Campylobacter coli (Y07620). Putative PPK sequences inferred from genome sequencing projects or Genbank sequences: Rhodocyclus tenuis (this study), Helicobacter pylori (AE001475), Synechocystis sp. (D64005), Dictyostelium discoideum (AF176830), Deinococcus radiodurans R1 (AE002032), Mycobacterium tuberculosis (Z83018), Streptomyces coelicolor (AL353816). Novel ppks retrieved from reactor sludge: Type I, Type II, Type III, and Type IV, all from this study
